Abstract The process of the simultaneous production and extraction of carotenoids, milking, of Dunaliella salina was studied. We would like to know the selectivity of this process. Could all the carotenoids produced be extracted? And would it be possible to vary the profile of the produced carotenoids and, consequently, influence the type of carotenoids extracted? By using three different D. salina strains and three different stress conditions, we varied the profiles of the carotenoids produced. Between Dunaliella bardawil and D. salina 19/18, no remarkable differences were seen in the extraction profiles, although D. salina 19/ 18 seemed to be better extractable. D. salina 19/25 was not "milkable" at all. The milking process could only be called selective for secondary carotenoids in case gentle mixing was used. In aerated flat-panel photobioreactors, extraction was much better, but selectiveness decreased and also chlorophyll and primary carotenoids were extracted. This was possibly related to cell damage due to shear stress.
Introduction
Carotenoids, a group of natural, fat-soluble, yellow to red pigments, are mainly found in plants, among which algae, and photosynthetic bacteria, where they play an important role in photosynthesis. Carotenoids protect the cell from damage by light and oxygen. Due to its capacity of accumulating large amounts of carotenoids, the alga Dunaliella salina is used worldwide as main source of natural β-carotene to meet with the increasing demand of β-carotene by food, pharmaceutical, and cosmetic industries. Hejazi et al. (2002) developed a new method for the simultaneous production and extraction of carotenoids from D. salina. In a two-phase bioreactor, cells are cultivated under stress conditions so that they start to produce and accumulate a high quantity of carotenoids in oily globules. The carotenoids are extracted from the cells to the organic phase in a continuous process, the so-called milking of microalgae. Since mainly carotenoids are extracted and not other cell components, Hejazi et al. (2004) called the process selective. We would like to know the selectivity of this milking process. Can all the carotenoids that are produced be extracted? And is it possible to vary the profile of the produced carotenoids and, consequently, influence the kind of carotenoids extracted?
To obtain a better insight into the selectivity of the milking process, we used three strains of D. salina, i.e. Dunaliella bardawil, D. salina CCAP 19/18, and D. salina CCAP 19/25. D. salina CCAP 19/18 was chosen because the original milking process was based on this strain (Hejazi et al. 2002) . D. bardawil, deposited at Culture Collection of Algae and Protozoa (CCAP) as D. salina CCAP 19/30, was selected because of its manifold applications by other researchers (e.g., Ben-Amotz et al. 1982) . D. salina CCAP 19/25 was chosen because of its production of relatively high amounts of zeaxanthin (Yokthongwattana et al. 2005) .
Next to the use of different strains, we also varied the type of stress applied, namely, high light intensity or low temperature (with and without the combination with high light intensity). We expected these different stress factors to result in the expression of different carotenoid profiles in the cells; for example, Ben-Amotz (1996) found that, at low temperature, more 9-cis-β-carotene is produced than alltrans-β-carotene in D. bardawil. The physical-chemical properties of 9-cis-β-carotene (high solubility in hydrophobic solvents and lack of crystal formation) may result in different extraction kinetics than for all-trans-β-carotene. to pH 7.5 with 3 M NaOH. The medium was sterilized at 121°C for 30 min. The phosphate, magnesium, calcium, and carbonate salts were separately sterilized and added after autoclaving to avoid precipitation.
Materials and Methods

Strain
All strains were maintained as suspended culture in 250 mL Erlenmeyer flasks containing 100 mL of medium. Cultures were kept in a growth cabinet at 25°C under continuous light with an intensity of 120-150 μmol·m −2 ·s −1
and were continuously shaken. The headspace consisted of an air/CO 2 ratio of 95/5%. Every week, 10 mL of a culture was transferred to a new flask containing fresh medium.
Cultivation Systems
The first set of extraction experiments was carried out in 1-L glass bottles containing 300 mL of culture medium (as described above, but without the addition of HEPES buffer). The bottles (diameter 9 cm) were equipped with two magnetic stirrers fixed on one axis, stirring at a rate of 110 rpm. The lower stirrer (diameter 6.0 cm, width 1.0 cm) was placed 0.5 cm from the bottom and the upper one (sixbladed turbine stirrer, diameter 3 cm, paddle width and height 0.5 cm) was placed at the surface of the cell suspension (liquid height 6 cm). The pH was continuously measured and adjusted by giving short pulses of carbon dioxide to the reactors. The bottles were illuminated from the bottom side with fluorescent lamps (Sylvania CF-EL 55W/840) with an average light intensity of 109 ± 10 μmol·m −2 ·s −1 for the growth period. During light stress, light intensity was increased to 800±67 μmol·m −2 ·s −1 from the bottom and an extra light source (slide projector with halogen lamp) was placed at the side of the reactor to reach higher light intensities (1,899±708 μmol·m −2 ·s −1 additional illumination from one side). The bottles were placed in a large water bath to regulate temperature at 25.0±0.3°C for the growth period and light stress and 16.5±1.5°C for cold stress.
The second set of extraction experiments was carried out in flat-panel FMT150 photobioreactors (PSI, Brno, Czech Republic). These panel bioreactors have a width of 10 cm, depth of 2.5 cm, and height of 19 cm containing 300 mL of culture medium (as described above, but without the addition of HEPES buffer). Cell suspension was stirred by aeration (0.3 L/min). The pH was online-measured and continuously adjusted by giving short pulses of carbon dioxide to the reactors. The bottles were illuminated from one side with light-emitting diodes (red, 627 nm and blue, 455 nm) with an average light intensity of 100 ± 1 μmol·m −2 ·s −1 for the growth period. During light stress, light intensity was increased to 1,700±22 μmol·m −2 ·s −1 . 6 cells per milliliter was reached in the reactor, stress conditions were applied. Per strain, seven cultivations were performed. One control without stress or dodecane, two with light stress, two with cold stress, and two with light and cold stress (for each stress, one with and one without dodecane). In the first set of experiments, dodecane (75 mL) was added to milk the cells from the start of stress. Dodecane was gently mixed with the aqueous phase by means of the upper stirrer, as described before. The dodecane layer was shielded from illumination from the side by an aluminum foil cover around the reactor.
In the second set of experiments, the dodecane could not be added at the same time as stress was induced. The aeration caused the dodecane layer to emulsify and spread through the whole reactor. Consequently, the dodecane with extracted carotenoids would be in the illuminated zone and extracted carotenoids could be broken down, which would influence our results. To overcome this problem, dodecane was added at the end of the experiment, after lights were shut off. Emulsification still appeared, but carotenoids were no longer exposed to light. Time was limited to 2 h, to prevent the cells from overgrowing stress, since cells were no longer light-stressed.
For 
Analytical Procedures
Cell growth and stress were regularly followed during cultivation by optical density measurements at 530 and 680 nm on a spectrophotometer (Spectronic® 20 Genesys, Spectronic Instruments, UK), measured against a reference of demineralized water. Cell number and volume were measured with a Beckman Coulter Multisizer 3 (100 μm orifice; Beckman Coulter, Fullerton, CA, USA). The diameter of the cells was calculated from their volume.
The dry weight of the cell suspension was determined at the end of the cultivation, as described by Zhu and Lee (1997) with adaptations as described. Five milliliters of cell suspension was washed three times with 25 mL ammonium formate (1 M) over a predried and weighed filter (precombusted [450°C, 2 h] glass fiber filter, Whatman GF/F, retention size 0.7 μm). Filters were dried in an oven for 24 h (98°C), allowed to cool down in a dessicator for at least 2 h, and reweighed. Measurements were performed in triplicate.
Pigment Analysis
Samples were taken at the end of the stress period. Five milliliters of cell suspension was centrifuged for 10 min at 2,500 rpm and at 4°C. The dodecane was divided over freeze-drying flasks (10 mL per flask) and stored at −80°C. All dodecane samples were freeze-dried after the last run of each set-up. Freeze-drying was performed in a Christ Epsilon 2-60 freeze-dryer (Salmenkipp, Breukelen, The Netherlands) to obtain a pellet of the extracted substances. Frozen dodecane samples were transferred from −80°C to the precooled freeze-dryer (−20°C). Next, vacuum was started (1.03 mbar) and the samples were freeze-dried for 20 h at −20°C. After this, a second drying step was performed at −10°C for at least another 20 h and at 0.001 mbar. After all dodecane was evaporated, the flasks containing pellets were again transferred to a freezer (−80°C) awaiting the next steps of pigment analysis.
The extraction of lipids was performed according to the method of Fraser et al. (2000) with adaptations described. Whenever possible, all manipulations were carried out on ice and shielded from strong light. For the extraction of lipids, 4 mL of methanol/chloroform (2.5:2, including 0.1% butylated hydroxytoluene [BHT] ) was added to the tubes, which contained pellets of approximately 1-5 mg dry weight (cell suspension) or remaining pellets of 10 mL freeze-dried dodecane. The suspension was mixed and incubated for 10 min in a sonicator bath. Tris-HCl/NaCl solution (2.5 mL; 50 mM Tris-HCl, 1 M NaCl; pH 7.5) was added to the suspension, mixed, and incubated for 10 min in a sonicator bath. To obtain a clear phase separation, the tubes were centrifuged for 10 min at 2,500 rpm. The lower phase (chloroform) was transferred to a new clean tube. To the remaining phase, 1 mL of chloroform (including 0.1% BHT) was added for further extraction. The suspension was mixed, incubated for 10 min in a sonicator bath, and centrifuged for 10 min at 2,500 rpm. The lower phase was pooled with the previous chloroform phase. This extraction step was repeated two more times. The pooled chloroform extracts were dried by flushing with nitrogen gas. The dried residues were dissolved in ethylacetate (including 0.1% BHT) to prepare them for high-performance liquid chromatography (HPLC) analysis. To remove the remaining impurities, samples were incubated in the sonicator bath for 10 min and centrifuged for 10 min at 2,500 rpm. For the analysis, dark glass HPLC bottles were used. HPLC with photodiode array analysis was performed as described by Bino et al. (2005) . The first set-up experiments were performed and analyzed separately from the second set of experiments with the flat-panel reactors. During the first HPLC run, the neoxanthin peak was separated from the violaxanthin peak. During the second run, the neoxanthin and violaxanthin peaks were inseparable. Here, the total surface of the combined peak of neoxanthin/ violaxanthin was determined and used as if one peak.
Results and Discussion
The so-called milking of microalgae has proved to be a good method for the production of carotenoids by D. salina. This process was called selective since mainly carotenoids are extracted (Hejazi et al. 2004) . By using three algae strains and three different types of stress, we expected expression of varying carotenoid profiles by the algae and, consequently, varying profiles of carotenoids extracted through milking. In this way, we would like to obtain insight into the selectivity and controllability of the milking process of D. salina.
In Fig. 1, cell number, optical density, and cell diameter of D. bardawil are shown during the growth period and the subsequent stress periods with high light intensity (Fig. 1a) , low temperature (Fig. 1b) , and the combination of high light intensity and low temperature (Fig. 1c) . D. salina 19/18 and D. salina 19/25 gave similar results (not shown here).
As can be seen, the cells were in a lag-phase for the first 12 h. Cell diameter increased, as the cells experienced their transfer from the Erlenmeyer bottle to the reactor as stressful. Hereafter, they started dividing. After cell numbers of approximately 1 ×10 6 cells per milliliter were reached, stress was started. High light intensity resulted in Fig. 1 
an increase in cell diameter. The first-hour stress was severe enough to be growth limiting and cell numbers were kept constant. After these first hours, the cells started to overgrow the stress and cell numbers increased again. However, cell diameter remained high and the ratio of the optical density at 530 nm over the optical density at 680 nm (OD 530 /OD 680 ) increased, indicating stress-related carotenoid production.
The curves for low temperature stress and the combination of high light and low temperature stress show a similar profile, though cells were less capable of overgrowing the stress implied.
Production of Carotenoids
D. bardawil/D. salina 19/18
The profiles of the carotenoids produced by D. bardawil and D. salina 19/18 were quite similar for each stress variant (Fig. 2a, b) . The presence of dodecane did not Fig. 2 influence carotenoid production. Therefore, these results are not shown.
Chlorophyll levels and the carotenoids neoxanthin, violaxanthin, and lutein were produced in lesser amounts or remained constant in comparison to cells grown without stress.
At high light intensities, the de-epoxidation reaction in the violaxanthin reaction will take the upper hand and violaxanthin will be converted to antheraxanthin and, subsequently, zeaxanthin, which will be accumulated in the chloroplast thylakoids (Jin et al. 2002; Yamamoto 1979) . This is in agreement with our results when high light intensities were used for stress. The xanthophylls neoxanthin and violaxanthin decreased with high light intensity and a sharp increase in zeaxanthin was seen.
However, in case of low temperatures used for stressing, concentrations of all xanthophylls remained approximately constant. This does not coincide with the suggestion that cold stress can be seen as light stress, assuming that the stress inflicted is not about the irradiance intensity itself, but about the amount of photons that are received per cell division time (Ben-Amotz and Avron 1983; Krol et al. 1997) .
All three stress conditions resulted mainly in the production of extra β-carotene in its various isomers and, in some cases, in the accumulation of zeaxanthin and cislycopene. In case of light stress, the β-carotene/chlorophyll ratio increased from 0.16 to 2.56 for D. bardawil and from 0.07 to 2.35 for D. salina 19/18. For low temperature, this effect was less pronounced, but still, the ratio β-carotene/ chlorophyll increased from 0.16 to 0.37 for D. bardawil and from 0.07 to 0.15 for D. salina 19/18. The combination of light stress and low temperature resulted in an increase of the β-carotene/chlorophyll ratio to 3.19 for D. bardawil and to 3.33 for D. salina 19/18.
In case high light intensity was used to stress the cells, the ratio of 9-cis/all-trans β-carotene increased from 0.55 to 1.27. For stress by low temperature, this effect was less obvious, but still apparent (0.55 to 0.67).
The results obtained in this study are quite comparable to the literature. For example, several researchers found that the ratio of 9-cis to all-trans β-carotene increased when cells were stressed (Ben-Amotz 1996; Ben- Amotz et al. 1988; Garcia-Gonzalez et al. 2005 ). Jimenez and Pick (1994) found that this increase in 9-cis to all-trans β-carotene ratio was mainly due to an accumulation of carotenoid-containing globules and a decrease in thylakoid-bound carotenoids. The globules contained over 50% 9-cis β-carotene, whereas the thylakoids contained mainly all-trans β-carotene. However, in some cases, literature is contradictory concerning the production of certain carotenoids in reaction to certain stress conditions. For example, Garcia-Gonzalez et al. (2005) and Krol et al. (1997) found that lutein levels increased with both light stress and cold stress. However, Ben-Amotz et al. (1988) and Leon et al. (2003) found that levels decreased when cells were stressed with light stress or nitrogen starvation, respectively. We found that lutein levels remained quite constant or decreased slightly with light stress involved and seem to increase slightly when cells were stressed by low temperature.
A more detailed overview on why cells start to produce certain carotenoids under stress conditions and what regulatory mechanisms concerning carotenogenesis are understood so far is given by Lamers et al. (2008 (Fig. 2c) . Yokthongwattana et al. (2005) measured approximately 1.1 pg carotenoids per cell, whereas in this study, we found 1.4 pg carotenoids per cell.
The amount of chlorophyll and primary carotenoids neoxanthin, violaxanthin, and lutein decreased per gram biomass when cells were stressed, independent of the type of stress invoked. Light stress resulted in an increase of the carotenoids β-carotene, zeaxanthin, and cis-lycopene. In case temperature stress was involved, amounts of β-carotene decreased as well and only zeaxanthin and cislycopene were accumulated.
Previous research showed that both chlorophyll and carotenoid content decreased per cell after light stress (Yokthongwattana et al. 2005 ). This carotenoid decrease accounted for all determined carotenoids (neoxanthin, violaxanthin, antheraxanthin, lutein, and β-carotene), except for zeaxanthin where an increase was found from 0.25 to 2.0 pg per cell. In this research, an increase in zeaxanthin for light stress was found from 0.02 to 0.08 pg per cell. This is little less than found by Jin and Melis (2003) , who found that light-stressed cells of D. salina 19/25 produced 0.22 pg zeaxanthin per cell, also an almost eightfold increase compared to nonstressed cells (0.03 pg zeaxanthin per cell).
Extraction
The profile of the extracted carotenoids was as expected. Mostly, β-carotene (various isomers) was extracted and next to that zeaxanthin, cis-lycopene, and lutein (Fig. 3) . These are secondary carotenoids that are not only coupled to the photosystem in the thylakoid membranes to help with photosynthesis but moreover they are extra produced in large quantities under stress conditions and function as protective layer against stress. Secondary carotenoids are characterized by their localization in extraplastidic globules (Skulberg 2004) . These globules consist mainly of neutral lipids of which 30% is carotenoids and less than 3% is chlorophyll. The carotenoids in these globules exist mainly as β-carotene in the form of 9-cis and all-trans β-carotene. Further small amounts of 15-cis, some unidentified other isomers of β-carotene, and α-carotene were described (Ben-Amotz et al. 1982; Jimenez and Pick 1994) .
The fact that we find approximately equal amounts of 9-cis and all-trans β-carotene as extracted carotenoids and some other β-carotene isomers (among which also probably α-carotene) feeds the idea that the carotenoids accumulated in globules that are extracted during milking.
Also, zeaxanthin, lutein, and cis-lycopene were found among the extracted carotenoids. Thus far, it has not been reported that these three carotenoids consisted in carotenoid-containing globules in D. bardawil. However, various researchers (Yokthongwattana et al. 2005; Bassi and Caffarri 2000; Bassi et al. 1993; Jin et al. 2001; Tardy and Havaux 1996) found that the zeaxanthin and lutein that D. salina formed in excess during stress is not bound to chlorophyll proteins in the thylakoid membrane as in low light grown cells. Yet, this excess zeaxanthin and lutein is located in the lipid bilayer or at least somewhere in the chloroplast thylakoids where it can be easily separated from the chlorophyll. Extraction of lutein is previously found by others as well in their two-phase cultivation system of D. bardawil (Leon et al. 2003) .
In some cases, not all secondary carotenoids were extracted; this could be due to the very low amounts produced and, consequently, even lower-undetectableamounts of carotenoids extracted. No carotenoids were extracted during the milking of D. salina 19/25 (Fig. 2) . It is not clear whether this is caused by the very low amounts of carotenoids produced or whether cells of D. salina 19/25 are not extractable via the milking process.
Only low percentages of carotenoids were extracted when milking was performed in the stirred reactors (Fig. 3) .
Though the amounts of carotenoids produced for D. bardawil and D. salina 19/18 were approximately the same, the amounts of extracted carotenoids were little higher for D. salina 19/18.
We produced maximally 10 mg carotenoids per reactor in case of D. salina 19/18 and the stress combination of high light intensity and low temperature, which corresponds with approximately 33 mg/L culture. In the dodecane phase, we extracted approximately 0.1 mg/L, which corresponds to approximately 1% of the total carotenoids, the maximum value found in this research. In the research performed by Hejazi et al. (2003) in the same set-up, similar results were found for the same time span.
The low extraction percentages can be explained by (1) the fact that we only stressed and milked the cells for 48 h and (2) the fact that we used simple systems that were stirred gently by magnetic stirrer bars, resulting in a small surface contact between the dodecane and the cell suspension. The extraction percentages can be improved by increasing the extraction time and, more importantly, by increasing the contact area between the dodecane and the biomass. This is shown in the research performed by Hejazi et al. (2002) where values of 12 mg carotenoids/L culture and approximately 2 mg carotenoids/L dodecane were obtained. In these experiments, Hejazi and coworkers made use of flat-panel photobioreactors in which the mixing was performed by recirculation of the dodecane itself through the aqueous phase. This resulted in an increased contact between cells and organic phase. Elsewhere, approximately 8% of the total carotenoids were extracted after 4 days of stressing and milking (Leon et al. 2003) .
Therefore, we also used a second set-up in which we performed almost the same experiments as in the first setup. Only, in this set-up, we used small flat-panel photobioreactors, stirred by aeration. We chose not to recirculate the dodecane to prevent carotenoid degradation by light. Two algal strains were used (D. bardawil and D. salina 19/ 18), again with three stress variants: high light intensity, low temperature, and the combination of both. The time used for stressing was equal to the time used in the first setup, but the extraction time was shortened to 2 h. Extraction was done with aeration but whitout illumination. With these reactors, much higher extraction values than in the first setup were reached (Table 1) . These values are comparable to the aforementioned values of Hejazi et al. (2004) and Leon et al. (2003) .
As can be seen in Fig. 4 , in this set-up, chlorophylls were also extracted, mainly chlorophyll-a, but also neoxanthin/violaxanthin (in this HPLC run, the peaks of neoxanthin and violaxanthin overlap, so we measured the combined peak). Hejazi et al. (2003) also found low amounts of chlorophyll to be extracted (up to 3% of the total amount of chlorophyll). It is not known whether this extracted chlorophyll is the result of cell death due to the more vigorous stirring (Hejazi found that cell death was up to 10% in his set-up) or whether chlorophyll can be milked from the cells as well. Ben-Amotz et al. (1982) found low amounts of chlorophyll in the separated globules. Chlorophyll is heterogenically bound to other compounds in the chloroplast with mainly strong hydrophilic bonds. However, Deroche and Briantais (1974) and Öquist and Samuelsson (1980) report that there exist some forms of chlorophyll-a that are loosely bound in the cell. The fact that chlorophyll is very lipophillic and has a log P value similar to the log P value of β-carotene (chlorophyll 17.2, β-carotene 17.6) makes this chlorophyll-a a plausible candidate for extraction. However, the fact that chlorophyllb, neoxanthin, and violaxanthin were extracted in some cases as well suggests cell death as reason for extraction. In this research, our main objective was to compare the produced carotenoid profile with the extracted carotenoids and see whether all produced carotenoids could be milked. In the first set-up with low extraction percentages, all extraproduced secondary carotenoids were extracted. In the second set-up, much higher extraction percentages were obtained, but next to that, the extraction was not purely selective for secondary carotenoids. Also, chlorophyll was extracted due to cell death. This cell death was most probably caused by shear as a result of aeration.
In our opinion, a most optimal milking process in the future circumvents cell death by shear (caused by, e.g., aeration or agitated mixing), but at the same time creates a large contact area between the organic phase and the biomass. Also, the dodecane (containing extracted carotenoids) should be prevented from being illuminated, to prevent light-induced carotenoid degradation. If all these important considerations are taken into account, we think that milking is a powerful tool to obtain secondary carotenoids from D. salina in a constant process.
Conclusions
Our first aim to produce different carotenoid profiles with three strains was successfully obtained. The extraction profiles, however, were quite similar for all circumstances. Mainly, secondary carotenoids were extracted. Only the amounts varied for the different strains. The highest amounts of carotenoids were extracted from D. salina 19/ 18. D. salina 19/25 seemed not to be a suitable strain for milking, since no carotenoids were extracted.
In a second set-up with more vigorous stirring, chlorophylls and primary carotenoids were also extracted next to secondary carotenoids. Thus, milking decreased in selectivity. Our results suggest that chlorophylls and primary carotenoids were extracted from cells that were killed due to shear stress because of the vigorous aeration. If one is only interested in high extraction rates and not too much in the selectivity of the process and whether (small) amounts of chlorophyll are milked as well, it is better to create a large surface between cell suspension and the organic phase, for example, by vigorous aeration. This results in a much higher extraction rate than when gently stirred. At low stirring rates, the milking process can be selective for secondary carotenoids only.
